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Abstract
We compared the metabolism of [1-13C]glucose by wild type cells of Neurospora crassa at normal growth temperature and
at heat shock temperatures, using nuclear magnetic resonance analysis of cell extracts. High temperature led to increased
incorporation of 13C into trehalose, relative to all other metabolites, and there was undetectable synthesis of glycerol, which
was a prominent metabolite of glucose at normal temperature (30‡C). Heat shock strongly reduced formation of tricarboxylic
acid cycle intermediates, approximately 10-fold, and mannitol synthesis was severely depressed at 46‡C, but only moderately
reduced at 45‡C. A mutant strain of N. crassa that lacks the small K-crystallin-related heat shock protein, Hsp30, shows poor
survival during heat shock on a nutrient medium with restricted glucose. An analysis of glucose metabolism of this strain
showed that, unlike the wild type strain, Hsp30-deficient cells may accumulate unphosphorylated glucose at high
temperature. This suggestion that glucose-phosphorylating hexokinase activity might be depressed in mutant cells led us to
compare hexokinase activity in the two strains at high temperature. Hexokinase was reduced more than 35% in the mutant
cell extracts, relative to wild type extracts. K-Crystallin and an Hsp30-enriched preparation protected purified hexokinase
from thermal inactivation in vitro, supporting the proposal that Hsp30 may directly stabilize hexokinase in vivo during heat
shock. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction
Wild type cells of Neurospora crassa, when ex-
posed to heat shock temperatures, appear to develop
a high requirement for glucose, and they survive high
temperature stress poorly when glucose is restricted
[1]. Although it is known that trehalose, a thermo-
protective disaccharide, becomes a prominent metab-
olite of glucose at high temperature [2^4], very little
is known about glycolytic and respiratory metabo-
lism during temperature stress. In the present study
we have asked how carbohydrate metabolism di¡ers
between cells grown at normal temperatures and
those exposed to high temperature. Since we found
earlier [1] that mutant cells de¢cient in a speci¢c low
molecular weight heat shock protein, Hsp30, dis-
played an even greater need for glucose at high tem-
perature, we have asked how this small heat shock
protein could alleviate this intense requirement for
carbohydrate during stress.
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Exposure of all organisms to high temperature
elicits the synthesis of a characteristic group of pro-
teins [5], termed heat shock proteins (hsps). Several
of these proteins have been shown by mutational
analysis to help organisms survive or grow at high
temperature. One ubiquitous class of hsp consists of
small, 15^30 kDa proteins that are related to K-crys-
tallin of the vertebrate eye lens [6]. These small hsps
from di¡erent organisms are variable in sequence [7],
and they are much less conserved than other prom-
inent hsps such as Hsp70, Hsp83/90, and the mito-
chondrial Hsp60. In contrast to these other major
hsps, the small hsps are not constitutively synthesized
by most organisms, and they do not appear to be
necessary cellular components. Instead, these hsps,
including the Neurospora Hsp30, are synthesized
only in response to stress and during certain stages
of development [5].
Other groups of hsps are known to have speci¢c
biochemical functions and de¢ned molecular interac-
tions [8], but the role of the small hsps in stressed
cells is less clear. Many organisms, especially green
plants [9], produce small hsps that are encoded by
multigene families, which complicates genetic analy-
sis of their function. Nevertheless, a protective func-
tion for these proteins was demonstrated in mamma-
lian cells that were engineered to overexpress small
hsps. These cells showed increased resistance to heat,
toxic chemicals [10], and reactive oxygen species [11].
Disruption of the single-copy small hsp gene of Neu-
rospora crassa, HSP30, produced a speci¢c pheno-
type, strongly depressing N. crassa survival (90%)
during continuous, long-term (40 h) heat shock
under conditions of carbohydrate limitation [1].
This phenotype suggested to us that Hsp30 might
be involved in protecting some necessary step(s) of
carbohydrate metabolism, a role that would be man-
ifest in reduced cell survival only when glucose is
restricted.
As reported here, we employed nuclear magnetic
resonance (NMR) analysis of cell extracts from the
wild type and Hsp30-de¢cient strains to determine
steps in carbohydrate metabolism that might be in-
terrupted by mutation of HSP30. By providing cells
at the time of heat shock with [1-13C]glucose and
subsequently detecting stable metabolic products,
we expected that an accumulation of metabolites in
cells at high temperature would indicate inhibition of
the subsequent metabolic step(s). We found that
there are striking changes in the metabolism of glu-
cose in wild type cells at high temperature, compared
with normal temperature, and that 13C was incorpo-
rated into similar products by mutant and wild type
cells during heat shock. Nevertheless, unphosphoryl-
ated glucose seemed to accumulate to higher levels
in N28-4 mutant cells than in wild type. This sug-
gested to us that hexokinase activity might be re-
duced in the mutant strain, and to test this hypoth-
esis, we performed enzyme assays with mutant and
wild type cell extracts. We found that hexokinase
activity indeed was strongly depressed in mutant
cells, compared with wild type cells, after exposure
to 45‡C, implying that Hsp30 helps to stabilize hex-
okinase against thermal stress. This is one of the few
reports that implicate a small hsp in chaperoning a
speci¢c protein in vivo.
2. Materials and methods
2.1. Treatment and preparation of cells for NMR
analysis
Conidiospores of N. crassa were inoculated (2 mg/
ml) into 100 ml of 2% sucrose-Vogel’s minimal me-
dium [12]. After incubation at 30‡C for 4 h in a
rotary shaker, they were collected by vacuum
¢ltration, washed with 10% Vogel’s salts, and resus-
pended in 50 ml of Vogel’s salts, to which 200 mg of
[1-13C]glucose (Isotec Inc., Miamisburg, OH) was
added. Cells were exposed to the labeled glucose
for a maximum of 30 s before incubation at the ex-
perimental temperature; the incubation temperatures
assayed were 30‡C (control), 45‡C, and 46‡C.
At 60, 90, and 120 min, a 15-ml aliquot was re-
moved from the cell culture, ¢ltered, and washed
with 10% Vogel’s salts. The ¢ltered cells were ex-
tracted with cold 15% perchloric acid for 10^
20 min at 4‡C [13]. The extract was neutralized
with 1.14 ml of 2.5 N KOH. After centrifugation
at 2300Ugav for 10 min, the supernatant was col-
lected, its pH was adjusted to neutral, and it was
cleared of precipitate again by centrifugation. The
supernatant was frozen in an ethanol-dry ice bath
and lyophilized, and the dried pellet was kept at
380‡C until analysis.
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2.2. NMR measurements
The lyophilized extract was rehydrated with 0.5 ml
of 99.8% D2O. 13C NMR spectra were collected on a
Nicolet NT300WB spectrometer (Fremont, CA)
operating in the pulse Fourier-transform mode at
75.46 MHz at 23‡C. The spectra were recorded in a
5-mm probe with 8000 time domain data points,
0.225 s acquisition time, 90‡ angle, 4 s time delay,
and processed with a line broadening of 1.0 Hz.
High-power broad-band decoupling was used. The
¢eld was locked on the deuterium resonance of
D2O and chemical shifts were referenced to external
tetramethylsilane (ppm = 0). Peaks were assigned on
the bases of chemical shift values, followed by con-
¢rmation with standards using natural abundance
13C.
2.3. Enzyme assays
N. crassa cultures, 100 mg conidiospores inocu-
lated into 100 ml medium, were grown for 4 h at
30‡C and transferred to 45‡C for 2 h before being
collected by ¢ltration. The cells were disrupted by
MSK (Braun) mechanical homogenization (30 s) in
50 mM Tris (pH 7.5), and supernatants were col-
lected after successive centrifugations of the extracts
at 1500Ugav (10 min), 30 000Ugav (20 min) and
124 000Ugav (90 min). Supernatant from the ¢nal
centrifugation was employed in enzyme assays.
The hexokinase reaction was performed in 1 ml
vol of 48 mM Tris (pH 7.5), 10 mM MgCl2,
0.5 mM glucose, 5 mM 2-mercaptoethanol, 1 unit
glucose 6-phosphate dehydrogenase, 0.8 mM
NADP, and 5 mM ATP [14]. Reagents were from
Sigma Chemical. Either hexokinase, puri¢ed from
Saccharomyces cerevisiae, or soluble cell extract was
added to the pre-equilibrated mixture to initiate the
reaction. The same reaction lacking ATP was used to
establish a spectrophotometric baseline. After incu-
bation for 6 min at 30‡C, the absorbance of NADPH
at 340 nm was measured. To subtract the portion of
NADPH produced in cell extracts by the subsequent
enzymatic reaction of 6-phosphogluconate dehydro-
genase, an aliquot of hexokinase was assayed both
separately and added to the cell extract, which was
also assayed independently. The formula to deter-
mine hexokinase activity of the extract is :
AbsHe  AbsTeAbsHa=AbsTa
where AbsHe is the 340 nm absorbance due to en-
dogenous hexokinase, AbsTe is the total absorbance
of the assayed cell extract, AbsHa is the absorbance
produced by pure hexokinase, and AbsTa is the in-
crease in absorbance over AbsTe due to the addition
of exogenous hexokinase. Optical absorbance was
converted to units of hexokinase activity by dividing
absorbance by 6.22, the millimolar absorptivity of
NADPH at 340 nm [14].
The aldolase assay was performed according to
instructions accompanying the Sigma Diagnostics
kit. The 0.5 ml reaction included 0.24 M Tris-£uo-
ride, 0.0025% D-fructose 1,6-diphosphate, and cell
extract. The reaction proceeded for 30 min at 30‡C
and was stopped by the addition of 0.5 ml of 0.6 N
trichloroacetic acid. Enzyme activity was determined
colorimetrically by reacting the triose product, dihy-
droxyacetone, with 2,4-dinitrophenylhydrazine and
NaOH. Absorbance at 560 nm was measured and
extrapolated to units of activity by a calibration
curve. Protein concentrations were determined by
the Lowry method [15].
All experiments were repeated two or more times
with the same results.
3. Results
3.1. Metabolic products at 30‡C
We ¢rst examined the NMR patterns of 13C incor-
poration into metabolites in the wild type strain and
found di¡erences in glucose metabolism at 30‡C,
45‡C, and 46‡C. When cells that have grown for
4 h with unlabeled glucose are provided with
[1-13C]glucose as sole carbon source at 30‡C, most
of the 13C is incorporated into the C1 position of
trehalose, a non-reducing diglucose (Fig. 1). By
60 min at 30‡C, a small amount of 13C has moved
to the trehalose C6 position, indicating that glucose
has been partially metabolized and resynthesized.
Isomerization of the glycolytic intermediate dihy-
droxyacetone phosphate to glyceraldehyde 3-phos-
phate, followed by glucose resynthesis, likely ac-
counts for the shift of label from C1 to C6 [16].
Glycerol, produced from dihydroxyacetone phos-
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phate [17], and mannitol are conspicuous stable
products that incorporate isotope from [1-13C]-
glucose (Fig. 1). Other common metabolic products
are [4-13C]ornithine and arginine, and there are low
amounts of [1-13C]glucose itself and [3-13C]malate
and aspartate (Fig. 1).
The £ux of 13C through glycolysis and the tricar-
boxylic acid (TCA) cycle is indicated by the more
stable derivatives of glycolytic products and TCA
cycle intermediates [18]. [3-13C]Alanine is the stable
derivative of pyruvic acid; and glutamic acid and
glutamine, labeled most conspicuously in the C4
and C2 positions and to a lesser extent in the C3
positions, are derived from K-ketoglutarate, an early
TCA cycle intermediate. The [2-13C]acetyl-CoA that
enters the TCA cycle, condensing with oxaloacetate
to form citrate, leads to incorporation of 13C into the
C4 position of K-ketoglutarate and its derivatives
[16]. The symmetrical intermediates of the cycle, suc-
cinate and fumarate, are labeled in the C2 and C3
positions, and oxaloacetic acid, the end product of
the cycle that condenses with acetyl-CoA, contributes
Fig. 1. 13C NMR spectra of perchloric acid extracts of Neurospora cells. Wild type or N28-4 mutant cells were provided with
[1-13C]glucose for 120 min during incubation at the indicated temperatures. [1-13C]Trehalose is used as the standard signal.
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C2 and C3 label to K-ketoglutarate [16]. [3-
13C]Oxaloacetate can also be formed directly from
pyruvate by pyruvate carboxylase [13].
3.2. Metabolic products during heat shock
Metabolism of [1-13C]glucose was examined during
heat shock in wild type cells. Since this analysis
provides relative, rather than absolute values
for 13C peaks, we used the [6-13C]trehalose peak
as our standard for comparison (Table 1);
the [1-13C]trehalose peak is too dominant for
this purpose. The ratio of labeled C6- to C1-tre-
halose is relatively constant at the experimental tem-
peratures.
The chief di¡erence in glucose metabolism by wild
type cells at heat shock temperatures is the increased
incorporation of 13C into trehalose and the reduced
incorporation into other metabolites, compared to
metabolism at 30‡C. Relative to trehalose (Fig. 1),
incorporation into alanine is reduced three-fold at
46‡C, and there is a reduction of 8^11-fold for man-
nitol and for glutamic acid (C2- and C4-labeled) (Ta-
ble 1). Some products clearly labeled at 30‡C are rare
or undetectable after heat shock. Most conspicuously
absent is glycerol (Fig. 1), which is two to three times
as abundant as [3-13C]alanine at 30‡C (Table 1). In
addition, no labeled malate is detectable at 46‡C.
The pattern of 13C incorporation at 45‡C is similar
to that at 46‡C except that mannitol is depressed
only three-fold at 45‡C (data not shown).
3.3. Metabolism in the Hsp30-de¢cient strain
Cells of the N28-4 strain and wild type, which were
found to take up radiolabeled [1-14C]glucose at the
same rate (data not shown), also display similar aver-
age incorporation of 13C into metabolites of glucose,
with the greatest di¡erence being in the accumulation
of free glucose. Mutant cells on average accumulated
three times more labeled glucose (relative to treha-
lose) at 46‡C than wild type cells did (Table 1). In
addition, mutant cells had 15^20% more labeled
mannitol, glutamine, and alanine at 46‡C than wild
type cells (Table 1). In some of the experiments, we
found that glucose accumulated to extremely high
levels, constituting up to 19 times its average relative
level in the wild type cell extract or 48% the amount
of [1-13C]trehalose (Fig. 1). In these same experi-
ments, other metabolites either did not change (man-
nitol and glutamate) or increased approximately two-
fold (glutamine and alanine), relative to trehalose.
The accumulated glucose was labeled in the C6, C5
and C3 positions (Fig. 2), as well as at C1, showing
that glucose was a product of metabolism and resyn-
thesis [19]. The shift of the C6 peak (Fig. 2) indicated
that the accumulated glucose was unphosphorylated.
Why the concentration of glucose was seen to spike
Table 1
Averageda heights of major 13C peaksb in the NMR spectra of extracts from wild type and N28-4 mutant strains of Neurospora
Metabolite
Trehalose,
C6
Glucose,
KL
Mannitol Glycerol Glutamate,
C2
Glutamine,
C2
Glutamate,
C4
Glutamine,
C4
Alanine,
C3
(ratio)c (ratio) (ratio) (ratio) (ratio) (ratio) (ratio) (ratio)
Wild type, 30‡C 2.5 þ 0.2 2.8 þ 1.0 13.4 þ 0.8 6.6 þ 1.8 9.2 þ 1.8 9.1 þ 0.1 13.3 þ 1.5 12.9 þ 1.5 3.2 þ 0.5
(1.1) (5.4) (2.6) (3.7) (3.6) (5.3) (5.2) (1.3)
Mutant, 30‡C 3.1 þ 1.0 1.9 þ 0.6 14.3 þ 0.2 10.5 þ 0.6 9.8 þ 2.9 9.7 þ 3.4 11.7 þ 0.8 11.4 þ 2.1 3.1 þ 0.8
(0.6) (4.6) (3.4) (3.2) (3.1) (3.8) (3.7) (1.0)
Wild type, 46‡C 14.4 þ 0.2 4.5 þ 3.0 7.2 þ 2.1 0.0 6.0 þ 2.8 7.2 þ 2.8 7.1 þ 2.0 11.4 þ 3.9 5.6 þ 2.3
(0.3) (0.5) (0.4) (0.5) (0.5) (0.8) (0.4)
Mutant, 46‡C 14.5 þ 0.2 13.5 þ 25.5 8.4 þ 2.0 0.0 5.9 þ 1.4 8.2 þ 4.2 6.3 þ 2.0 13.1 þ 3.8 6.8 þ 2.6
(0.9) (0.6) (0.4) (0.6) (0.4) (0.9) (0.5)
aMeasurements were averaged from a sample size of three (30‡C, wild type and mutant), seven (46‡C wild type), or 10 (46‡C mutant)
independent experiments.
bMeasurements (cm) of the heights of individual metabolite bands, with 15 cm as the maximum peak height in each spectrum.
cRatio of height of speci¢c metabolite peak to the [6-13C]trehalose (T6) signal of that experiment.
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at high temperature in the mutant cells in only some
experiments is unclear. Our radiolabeling of cells
with [14C]glucose shows that the amount of glucose
in the cells and in the medium may £uctuate at con-
secutive time points (data not shown), suggesting
that glucose may be exported, as well as imported.
3.4. Assays of hexokinase
The large accumulation of unphosphorylated glu-
cose by N28-4 cells, although not consistent in extent
between experiments, nevertheless suggested that
these cells might have a partial block to glucose
phosphorylation at high temperature. To test this
possibility, we assayed hexokinase activity in extracts
of wild type and the Hsp30-de¢cient cells. We used a
coupled enzyme assay, adding glucose 6-phosphate
dehydrogenase to cell extracts and measuring the
NADPH produced. The NADPH contributed by cel-
lular 6-phosphogluconate dehydrogenase [14] was de-
termined and subtracted to arrive at the hexokinase
activity measurement.
These assays show that hexokinase activity was
37% lower in the Hsp30-de¢cient strain, compared
with wild type, after the cells were exposed to 45‡C
for 2 h; this reduction is an average of three inde-
pendent experiments (Table 2). This di¡erence was
not seen after cells were incubated only at 30‡C,
where similar hexokinase activities characterized ex-
tracts from the wild type and mutant strains (Table
2). These hexokinase activities showed a linear re-
sponse to increased amounts of cell extract. With
increasing time of assay, NADPH also increased lin-
early over 10 min for the mutant and wild type cell
extracts (data not shown).
3.5. In vitro protection of hexokinase
The depressed hexokinase activity of heat shocked
N28-4 cells might indicate that in wild type cells
Hsp30 acts as a chaperone that stabilizes hexokinase.
To explore this possibility, we asked whether a re-
lated small hsp, K-crystallin of bovine lens, could
protect puri¢ed hexokinase (ATP:D-hexose 6-phos-
photransferase) from thermal inactivation in vitro.
After hexokinase was exposed to 45‡C for 10 or
15 min (in di¡erent experiments) we found that its
activity, measured at 30‡C, was reduced 60^70%. By
adding K-crystallin during high temperature expo-
sure, in a 1:1 molar ratio to hexokinase, we could
partially restore hexokinase activity, 25% over its de-
pressed level (Table 3). Almost complete protection
resulted when K-crystallin was added at a 3:1 molar
ratio to hexokinase (Table 3). Higher molar ratios of
K-crystallin were less e¡ective. In preliminary experi-
ments, we found that a bacterial extract highly en-
riched in recombinant Hsp30 (26% of cell protein)
also substantially protected hexokinase activity
from inactivation at a 9:1 molar ratio of protein
(Table 3). Bovine serum albumin, on the other
hand, conferred no thermal protection on hexokinase
(Table 3).
3.6. Aldolase activity
To learn if all enzyme activities might be more
thermosensitive in mutant cells than in wild type
cells, we compared their activities for the glycolytic
enzyme aldolase, which catalyzes the conversion of
fructose 1,6-diphosphate to triose-phosphates. This
Fig. 2. The 13C NMR spectrum of a N28-4 mutant cell extract,
following cell exposure to 46‡C for 120 min. The ¢eld displayed
shows the resonances of 13C incorporated through metabolism
into positions of glucose other than C1. [6-13C]Trehalose is
used as the standard signal.
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analysis indicates that the N28-4 and wild type strains
have similar aldolase activities after incubation at
45‡C (Table 2).
4. Discussion
This NMR study revealed that there are di¡eren-
ces in glucose metabolism at the di¡erent tempera-
tures tested. At heat shock temperatures (45‡C and
46‡C) more 13C from glucose is incorporated into
trehalose, relative to other products, than at 30‡C.
This is not surprising, since trehalose has been re-
ported to accumulate in N. crassa and S. cerevisiae
during heat shock [2^4], and this disaccharide appar-
ently functions as a thermoprotectant. Disruption of
genes responsible for trehalose biosynthesis caused a
decrease in the induced thermotolerance of S. cerevi-
siae cells [3].
Heat shock depressed incorporation of 13C from
glucose into glutamic acid and glutamine, derived
from K-ketoglutarate, more than into alanine, a de-
rivative of pyruvic acid. These results indicate that
there is a greater decline in the synthesis of K-keto-
glutarate, an intermediate of the mitochondrial TCA
cycle, than in production of pyruvate, the end prod-
uct of cytosolic glycolysis, suggesting that the TCA
cycle is more severely inhibited by heat stress than
glycolysis is. Alternatively, cells may maintain the
glycolytic pathway at a high level during heat shock
by the increased synthesis of glycolytic enzymes, sev-
eral of which are reported to be hsps, including eno-
lase and glyceraldehyde 3-phosphate dehydrogenase
of S. cerevisiae [20,21]. The importance of glycolysis
during heat shock may also be indicated by the ab-
sence of labeled glycerol at 45‡C and 46‡C, despite
its being a common product at 30‡C. Dihydroxyace-
tone phosphate, the precursor of glycerol, can in-
Table 2
Hexokinase and aldolase activitiesa of soluble cell extracts from wild type and N28-4 mutant strains
Hexokinaseb Aldolaseb
wild type N28-4 mutant di¡erence in N28-4 wild type N28-4 mutant di¡erence in N28-4
30‡C 0.31 þ 0.05 0.33 þ 0.04 +6%
45‡C Exp. 1 0.29 þ 0.03 0.19 þ 0.02 334% 0.47 þ 0.05 0.47 þ 0.02 0
Exp. 2 0.14 þ 0.01 0.09 þ 0.004 336% 1.10 þ 0.09 1.06 þ 0.13 34%
Exp. 3 0.24 þ 0.09 0.14 þ 0.04 342%
aUnits of activity/mg protein/min.
bEach measurement represents an average of three assays of the same cell extract.
Table 3
E¡ects of three supplementary proteins upon activity of puri¢ed hexokinase, following exposure of the enzyme to moderately high
temperature
Hexokinase activity (units/mg/min)
K-crystallin:
hexokinasea
enzyme
activity
% change Hsp30 lysate:
hexokinasea;c
enzyme
activity
% change BSA:
hexokinasea;c
enzyme
activity
% change
Control ^ 4.56 0 ^ 9.24 0 ^ 8.71 0
45‡C ^ 1.34 371 ^ 3.62 361 ^ 3.22 363
45‡C 1:1 2.14 353 3:1 4.56 351 1:1 1.61 382
45‡C 2:1 2.68 0 6:1 5.49 341 3:1 3.35 362
45‡C 3:1b 4.56 30 9:1b 7.24 322 6:1 1.74 380
45‡C 4:1 4.02 312
45‡C 5:1 3.35 327
45‡C 6:1 3.35 327
aMolar ratio of supplementary protein to hexokinase (0.2 Wg).
bRatio of K-crystallin or recombinant Hsp30 (26% of bacterial lysate) to hexokinase yielding maximum protection.
cK-Crystallin fully protected hexokinase activity in this experiment.
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stead isomerize to glyceraldehyde 3-phosphate and
continue through glycolysis [17], a route that may
be preferred during heat shock. The chief di¡erence
in [1-13C]glucose metabolism speci¢cally at 45‡C,
compared with 46‡C, is that mannitol production is
decreased from its 30‡C level only three-fold, rather
than 10-fold.
That low molecular weight hsps, which are ubiq-
uitously produced in response to high temperature
and other stresses, can protect cells from damaging
agents was demonstrated initially by their experimen-
tal overexpression in mammalian cells. Small hsps
have been found to protect these cells against supra-
optimal temperature, toxic chemicals [10], reactive
oxygen species [11], and apoptosis [22]. To determine
the cellular targets protected by a small hsp during
high temperature stress, we have employed a mutant
fungal strain that lacks Hsp30. We earlier found that
Hsp30 was required for cell survival at high temper-
ature when glucose availability was limited [1].
Through NMR analysis of [1-13C]glucose metabo-
lites, we report here that the mutant strain accumu-
lates up to three times more average glucose than
wild type cells ; in a minority of the experiments glu-
cose accumulated to extremely high levels in the mu-
tant cells, 15^20-fold its level in wild type cells. This
glucose is a product of cellular metabolism (and not
an unincorporated contaminant), as shown by partial
redistribution of the 13C label from C1 to C6 and
other carbons, and it is unphosphorylated. A partial
block in glucose phosphorylation could account for
this accumulation, since phosphorylated glucose is
the initial substrate for the various pathways of cel-
lular glucose metabolism.
Our ¢nding that mutant cells accumulate more
unphosphorylated glucose at high temperatures
than wild type cells raised the possibility that glucose
phosphorylation might be partially inhibited in
Hsp30-defective cells. Assays of hexokinase activity
did, in fact, indicate that activity in mutant cell ex-
tracts was substantially lower (337%) than in wild
type extracts after 2 h of cell exposure to 45‡C. In
contrast, their hexokinase activities were similar at
30‡C. This decline does not apply to all enzymes of
the mutant cells, since aldolase activity in N28-4 cells
was comparable to that of wild type cells, following a
heat shock.
One possible explanation for the reduced hexoki-
nase activity of N28-4 cells is that Hsp30 acts as a
biological chaperone for hexokinase, which becomes
destabilized by high temperature in its absence. Small
hsps have been shown to act as chaperones that pre-
vent the in vitro aggregation of proteins that are
denatured by heat [23,24]. The model substrate cit-
rate synthase could be reactivated if a small hsp (pea
Hsp18.1) was included during moderate thermal de-
naturation [25]. Under more stringent conditions,
however, reactivation of citrate synthase required
subsequent addition of Hsp70 and ATP, along with
inclusion of a small hsp [23].
We tested the ability of the small hsp K-crystallin
(from bovine lens) to protect puri¢ed yeast hexoki-
nase activity in vitro. Under moderate stress condi-
tions that reduced hexokinase activity 70^80%, K-
crystallin protected this activity 90^100%. This level
of protection depended on K-crystallin being in-
cluded at a 3:1 molar subunit ratio to hexokinase.
Since K-crystallin forms an oligomer of approxi-
mately 40 subunits [26], one oligomer could appa-
rently protect 12 monomers or six dimers of hexoki-
nase [27]. This is consonant with the report that
oligomeric pea Hsp18.1 binds 12 monomers of
heat-denatured malate dehydrogenase [24]. Recombi-
nant Hsp30 of N. crassa appears similarly to protect
hexokinase in preliminary experiments. We believe
these results support the proposal that Hsp30 helps
stabilize cellular hexokinase during heat shock. This
is one of the few proposed cellular targets for pro-
tection by a small hsp, based on in vivo evidence.
Overexpression of Hsp27 by mammalian cells was
reported to increase the stability of actin stress ¢bers
at high temperature and partially protected them
from depolymerization by cytochalasin D [18].
The stabilizing e¡ect of Hsp30 on hexokinase, re-
vealed in this study, may explain at least partially
why Hsp30 so enhances cell survival at high temper-
ature if glucose is restricted. Phosphorylation of glu-
cose is essential to its metabolism through glycolysis,
trehalose synthesis, and the pentose phosphate path-
way leading to ribonucleotides [17]. Furthermore,
hexokinase of yeast and green plants acts as a sugar
sensor in the signaling pathway for glucose-regulated
gene expression [28]. The dependence of hexokinase
activity on Hsp30 is somewhat speci¢c, since the gly-
colytic enzyme aldolase appears una¡ected by the
absence of functional Hsp30. Nevertheless, we expect
BBAMCR 14435 3-2-99
N. Plesofsky, R. Brambl / Biochimica et Biophysica Acta 1449 (1999) 73^8280
that multiple substrates could be stabilized by small
hsps like Hsp30, as reported for other heat shock-
induced chaperones [8]. Hsp30 substrates are likely
to be membrane associated, since Hsp30 associates
with membranes, predominantly mitochondrial
membranes, during heat shock [29]. Hexokinase is
distributed between the cytosol and the mitochon-
drial outer membrane where it binds to porin [30],
the membrane channel for mitochondrially generated
ATP.
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